ence favoring the 800 IU group: +5 points; 95% CI: −5 to 15; p = 0.23). The linear trend between increasing doses of vitamin D and reduction of neurodevelopmental impairment (placebo group: 54%; 200 IU group: 43%; 800 IU group: 30%; p = 0.08) or language impairment (placebo group: 64%; 200 IU group: 57%; 800 IU group: 45%; p = 0.15) was not statistically significant. Respiratory outcomes at 2 years of age (need for supplemental oxygen or asthma medications) did not differ between groups. Conclusion: In extremely preterm infants, early vitamin D supplementation did not significantly improve cognitive scores. Though underpowered for clinically meaningful differences in early childhood outcomes, this trial may help determine dosing for further investigation of vitamin D supplementation.
ability to synthesize vitamin D from natural ultraviolet light is limited [4, 5, 9] , and the amount of vitamin D that they receive from human milk is low [4, 9, 10] .
Many studies have shown that vitamin D modulates bone metabolism [11, 12] , a functionally measurable outcome of vitamin D deficiency, and is also associated with lung maturation [13] , the immune response [14] , and brain development [15, 16] . In vitro, vitamin D signals neuronal differentiation and proliferation, regulates the metabolism of neurotrophic factors and neurotoxins, protects neurons during inflammation, and indirectly promotes brain growth through augmentation of endocrine functions [17, 18] .
Vitamin D supplementation in extremely preterm infants results in higher serum concentrations of vitamin D after supplementation [1] [2] [3] 19] . However, the effects of vitamin D on neurodevelopmental and respiratory outcomes of this vulnerable population at 2 years of age have not been evaluated to date [12, [18] [19] [20] .
The specific aim of this follow-up study was to determine a dose-response effect between increasing doses of enteral vitamin D in the first 28 days after birth and cognitive scores at 22-26 months of age.
Methods
In the initial phase II double-blind randomized controlled trial on early vitamin D supplementation, 100 extremely preterm infants with gestational ages between 23 and 27 weeks were randomly assigned to receive either placebo, a vitamin D dose of 200 IU/day, or a vitamin D dose of 800 IU/day from day 1 of enteral feeding to postnatal day 28. The baseline estimated intake of vitamin D from parenteral and enteral nutrition was 200 IU/day in all study groups [5] . Written informed consent was obtained from each infant's parent or guardian within 96 h after birth. Research pharmacy staff not involved in patient care were responsible for performing block randomization using computerized random sequence generation, determining participant allocation to one of the supplementation groups by opening sequentially numbered sealed envelopes, and masking the individuals administering the assigned supplementation. Twins were randomized independently. The pharmacologic outcome of the primary study was vitamin D concentration at postnatal day 28 (ClinicalTrials.gov: NCT01600430; (https://clinicaltrials.gov/ct2/show/ NCT01600430) [1] . ment (NDI), NDI or death prior to follow-up, cognitive impairment, language impairment, and use of asthma medications (bronchodilator therapy, inhaled steroids, oral or intravenous steroids, montelukast, and others) or supplemental oxygen at 22-26 months of age. Certified examiners who were unaware of group allocation assessed these outcomes. NDI was defined as any of the following: a cognitive composite score on the BSID III of less than 85, moderate or severe cerebral palsy with a Gross Motor Function Classification System (GMF-CS) score of 2 or higher, hearing impairment, or bilateral visual impairment [21] . Cognitive and language impairments were defined, respectively, as a cognitive and language composite score on the BSID III of less than 85.
Neurodevelopmental and Respiratory Outcomes at 2 Years
Although children with missing data on the BSID III were considered lost to follow-up, a surrogate for developmental impairment was used for children with routine follow-up visits at our institution to minimize follow-up bias. Children who were not blind or deaf and were not diagnosed with cerebral palsy or developmental delay on routine pediatric assessments were classified as not having developmental impairment.
Respiratory outcomes at 2 years of age were assessed with a structured questionnaire for parents or primary caregivers that included questions about the use of asthma medications and the use of supplemental oxygen/ventilator or CPAP (home use or use in a chronic care facility) up to 3 months prior to the follow-up visit.
Statistical Analysis
For this follow-up study, a subsample of 80 infants eligible for follow-up was anticipated to yield 80% power for the primary clinical outcome of cognitive scores at 22-26 months of age if each comparison group had a minimum of 24 infants and the intervention had an extremely large effect size (10-point difference in cognitive scores). The Wilcoxon test was used to compare medians between supplementation groups. An extended Mantel-Haenszel χ 2 test for linear trend was used to compare secondary outcomes of this doseresponse trial. Vitamin D concentration at birth was analyzed as a covariate. The interaction between supplementation group and vitamin D concentration at birth for the outcome of BSID III cognitive score at 22-26 months of age was assessed with interaction terms in a post hoc analysis of covariance using a fixed-effects model. All analyses were performed using the intention-to-treat principle. Imputation techniques for missing outcomes were not used.
Results
Of the 100 extremely preterm infants enrolled in the trial between 2012 and 2014, 20 died before the age of 22-26 months (Fig. 1) . Of the 80 survivors, 70 (88%) received comprehensive neurodevelopmental evaluations 259 that included BSID III cognitive scores: 28 of the 31 infants that completed the intervention in the placebo group (90%), 22 of the 24 infants that completed the intervention in the 200 IU group (92%), and 20 of the 25 infants that completed the intervention in the 800 IU group (80%). These follow-up rates did not differ significantly between groups (p = 0.39). Additionally, 8 of the 10 children with a missing comprehensive neurodevelopmental evaluation were alive and received regular pediatric assessments after hospital discharge. A surrogate outcome of developmental impairment was thus assessed in these 8 infants. One of these infants was evaluated by Neurology and Rehabilitation Medicine physicians and was diagnosed with moderate cerebral palsy and a GM-FCS of 2. The outcome of NDI or death was therefore determined for 91 of the 100 infants enrolled in the trial. Table 1 summarizes the demographic and clinical characteristics of the supplementation groups at followup. Vitamin D concentrations were measured at birth for 56 of the 70 infants assessed with the BSID III at 2 years of age. Vitamin D concentrations were measured around postnatal day 28 for 51 of the 70 infants assessed with the BSID III at 2 years of age.
The median BSID III cognitive score was 90 (IQR: 80-100). There were no significant differences in the primary outcome between supplementation groups ( Table 2 ). The median BSID III cognitive score was not significantly higher in the 800 IU group than in the placebo group (median difference favoring the 800-IU group: +5 points; 95% CI: −5 to 15; p = 0.23). The post hoc analysis with adjustment for vitamin D concentrations at birth using a fixed-effects model did not show significant differences in adjusted BSID III cognitive scores across supplementation groups (p = 0.11). The adjusted mean BSID III cognitive score was 94 in the 800-IU group and 86 in the placebo group (adjusted mean difference favoring the 800 IU Data are presented as median (IQR) or n/N (%), as appropriate. NDI, neurodevelopmental impairment. a To minimize the risk of follow-up bias, the outcomes of children who did not complete BSID III evaluations but had follow-up data are reported (n = 78). If the child was not blind or deaf and was not diagnosed with cerebral palsy or developmental delay on routine pediatric assessments, the child was classified as not having developmental impairment. b Median difference was reported because normal distribution of cognitive scores in subgroups of less than 30 infants could not be assumed.
group: +8 points; 95% CI: -1 to 19; p = 0.06). An additional post hoc analysis of the association between early vitamin D supplementation and cognitive scores at 2 years of age adjusted for sociodemographic factors, bronchopulmonary dysplasia (BPD), intraventricular hemorrhage, and late-onset sepsis was not significantly different than the unadjusted analysis or the analysis with adjustment for vitamin D concentrations at birth. BPD at 36 weeks was the only covariate that showed a significant association with lower cognitive scores at 2 years of age.
The dose-response effect of early vitamin D supplementation on reduction of NDI was not statistically significant (p = 0.08). Compared with placebo, higher vitamin D doses did not significantly reduce NDI (p = 0.10) or other surrogates of developmental impairment (p = 0.12). Similarly, the outcome of NDI or death at 22-26 months of age did not significantly differ between supplementation groups (p = 0.18).
Cognitive impairment and language impairment among surviving infants did not differ significantly between supplementation groups. The median BSID III language score was 79 (IQR: 73-91). The BSID III language score was not significantly higher in the 800 IU group (median difference favoring the 800 IU group: +5 points; 95% CI: −3 to 12; p = 0.22). The use of asthma medications or supplemental oxygen up to 3 months prior to follow-up at 22-26 months of age did not significantly decrease with early vitamin D supplementation.
Discussion
This is a 2-year follow-up study to assess neurodevelopmental and respiratory outcomes of extremely preterm infants supplemented with vitamin D in the first 28 days after birth. In this phase II single-center trial, infants randomly assigned to receive higher doses of vitamin D supplementation did not have significantly higher cognitive scores at 22-26 months of age than infants receiving lower vitamin D doses or placebo. Respiratory outcomes did not differ between groups. Early vitamin D supplementation may have had a dose-response effect on reduction in NDI across supplementation groups, but this linear trend did not reach statistical significance [22] . The analysis with interaction terms between vitamin D status at birth and cognitive scores at 22-26 months of age revealed that extremely preterm infants with lower vitamin D concentrations at birth may benefit from supplementation with high doses of vitamin D, though there are concerns for vitamin D concentrations outside the suggested therapeutic range.
The linear trend between higher vitamin D doses and lower NDI was not statistically significant, most likely because the sample size was small and vitamin D concentrations at postnatal day 28 in the 200 IU group and the placebo group were equally low. While some trials have concluded that lower vitamin D doses are sufficient to achieve vitamin D concentrations within the normal range [23] , this trial and others have shown that enteral supplementation with higher doses of vitamin D is well tolerated in infants and results in higher vitamin D concentrations after a few weeks of supplementation [1, 24, 25] .
Neither interventional [12, 19, 20] nor observational studies [2, 3] have reported on early childhood outcomes of preterm infants after vitamin D supplementation. Most clinical studies have related neurocognitive outcomes of children to vitamin D status either during pregnancy [17, [26] [27] [28] or at the time of birth [15, 29, 30] . Higher maternal vitamin D concentrations early in gestation (between 14 and 18 weeks of gestation) have been associated with higher mental and psychomotor scores [26] and lower frequency of language impairment [17] in infants delivered at term and assessed between 14 and 24 months of age. In contrast, higher maternal vitamin D concentrations late in gestation (between 30 and 32 weeks of gestation) have not been associated with improved cognitive function or school performance in infants delivered at term and assessed during childhood [27, 28] . The association between vitamin D concentration in cord blood and neurocognitive outcomes of infants delivered at term is more heterogeneous. While some authors report that low and high vitamin D concentrations in cord blood are associated with mental delay in infants delivered at term [15] , others have observed very little association between vitamin D concentrations in cord blood and cognitive development in term infants [30] . A recent observational study relating vitamin D concentrations in cord blood to neurocognitive outcomes of children showed that vitamin D concentrations in the range of sufficiency were marginally associated with higher BSID III cognitive and language scores after adjustment for potential confounders [29] .
One of the most important limitations of this followup study is that early childhood outcomes were not prespecified at the time of trial registration and, therefore, the study was not adequately powered to assess these outcomes. These important clinical outcomes were added later to attenuate the increasing problem of disproportion between observational studies suggesting benefits of vitamin D on neurodevelopment and randomized trials reporting these effects. The expected tradeoffs were limited power for these outcomes and reduced precision, strength, and statistical significance of our risk estimates.
The number of infants who died (n = 20) and those lost to follow-up (n = 10) were another limitation. This limitation affected the final number of infants available for analysis of neurodevelopmental and respiratory outcomes. Other limitations in study design include the duration of supplementation, lack of data on other biomarkers of vitamin D metabolism, lack of data on vitamin D concentrations at 2 years of age, assumption of equivalence between moderate and severe NDI, and use of unadjusted median values.
Strengths of the study include the dose-response design that included a placebo plus 2 levels of supplementation for inferences of causality based on linear trends, masking procedures, use of the intention-to-treat principle to preserve the effect of randomization, use of broad inclusion criteria to increase generalizability, comprehensive follow-up of infants enrolled in a neonatal trial, and report of effect estimates and confidence intervals to allow clinicians to infer the scientific value of the results themselves [22] . This phase II trial of early vitamin D supplementation also provides critical information for designing a larger phase III multicenter clinical trial. Our results not only reveal that early vitamin D supplementation with 200 IU/day is insufficient to increase vitamin D concentrations to a range associated with vitamin D sufficiency, but also suggest that early vitamin D supplementation with 800 IU/day might be necessary to rapidly correct low vitamin D concentrations at birth and improve cognitive scores in extremely preterm infants. Since supplementation with 800 IU/ day for 4 weeks resulted in vitamin D concentrations that greatly exceeded recommended targets, more information is needed to assess the appropriateness of this high dose over time. An alternative method of supplementation in which the initial dose of 800 IU/day is gradually reduced based on weekly vitamin D measurements may be needed to facilitate rapid correction without increasing the risk of vitamin D toxicity. Early vitamin D supplementation is a reasonably safe and lowcost intervention that may attenuate NDI. A larger parallel-group randomized trial powered to detect a more realistic 5-point difference on cognitive scores between groups would require approximately 300 extremely preterm infants if indirect effects of early vitamin D supplementation on reduction of BPD are not anticipated.
Conclusions
In summary, early vitamin D supplementation did not significantly improve BSID III cognitive scores in extremely preterm infants. The quantitative effects of vitamin D on NDI, language impairment, and need for supplemental oxygen at 2 years of age suggest a dose-response relationship, but this phase II trial was underpowered to detect small differences between groups that could be considered clinically meaningful.
